An amperometric multisite detection flow injection analysis (FIA) system was developed for sequential determination of 2 analytes with a single sample injection and single detector. Tubular composite carbon electrodes with an inner diameter similar to that of the FIA manifold tubing were constructed so that measurements could be made without impairing the sample plug hydrodynamic characteristics. The electrochemical behavior of the tubular voltammetric cell in a low-dispersion FIA manifold and the behavior of the FIA system incorporating this type of voltammetric cell intended for multisite detection were evaluated by performing measurements with potassium hexacyanoferrate(II). M ultisite detection is achieved in flow injection analysis (FIA) when a single detector is placed at different sites of the manifold (1). A few papers have reported the analytical potential of relocatable detectors in FIA, with use limited to spectrophotometric (1-3) and potentiometric detection (4). Those papers suggest that advantages of the multisite detection are limited by the physical characteristics of the detector owing to difficulties in connecting it to the manifold. Large sample or carrier volumes may be retained in the interior of the detector and then dragged by the detection system at commutation time, causing problems related to liquid interfaces. These difficulties probably explain the few analytical applications found in literature.
M ultisite detection is achieved in flow injection analysis (FIA) when a single detector is placed at different sites of the manifold (1) . A few papers have reported the analytical potential of relocatable detectors in FIA, with use limited to spectrophotometric (1-3) and potentiometric detection (4) . Those papers suggest that advantages of the multisite detection are limited by the physical characteristics of the detector owing to difficulties in connecting it to the manifold. Large sample or carrier volumes may be retained in the interior of the detector and then dragged by the detection system at commutation time, causing problems related to liquid interfaces. These difficulties probably explain the few analytical applications found in literature.
The electrochemical cells most frequently used in FIA with amperometric detection are wall-jet or thin-layer cells. However, none of these geometries is appropriate for serial monitoring. Considering the way in which wall-jet cells operate (the flow hits the center of the electrode and is dispersed in 3 dimensions), the sample zone is destroyed. On the other hand, the use of thin-layer cells impairs the hydrodynamic characteristics of the sample plug throughout the measurement step by causing a sample dispersion that might compromise a second measurement over the same sample plug. This paper describes the construction of tubular composite electrodes for incorporation in an electrochemical cell suitable to be used in amperometric multisite detection FIA manifolds. The performance of this electrochemical cell was assessed both in a low-dispersion FIA system and a sequential monitoring FIA system by using the well-characterized ferricyanide/ferrocyanide redox system.
The applicability of amperometric multisite detection by using this type of detectors is demonstrated by the sequential determination of salicylic (SA) and acetylsalicylic (ASA) acids in pharmaceutical products. ASA is an analgesic agent, widely used both alone and in combination, which is rapidly hydrolyzed to SA on exposure to moisture. The SA content as an impurity in ASA formulations is limited to 0.1% by the U.S. Pharmacopeia (USP; 5).
Simultaneous determination of these compounds has been performed by colorimetry (6) , fluorimetry (7), Raman spectroscopy (8), infrared spectroscopy (9), gas-liquid chroma-tography (10), thin-layer chromatography (11) , and liquid chromatography (LC; 12, 13). The few electrochemical methods that have been proposed report only the determination of SA content (14) (15) (16) .
The present method has been used to determine SA and ASA in pharmaceuticals available on the Portuguese market. Results are compared with those provided by the chromatographic method recommended by the USP (5).
Experimental
Apparatus (a) FIA systems.-Solutions were propelled by a Gilson Miniplus 3 peristaltic pump; intercalation of sample plugs in the carrying solutions was conducted through an injector-commutator of circular configuration with functioning identical to that described by Krug et al. (17) . Besides functioning as an injector device for the sample plugs, the injector-commutator allowed movement of the tubular detector between the 2 monitoring sites of the manifold.
( (e) LC system.-LC determinations of SA and ASA were made according to the procedure described in the USP (5) and performed in a Merck Hitachi (Darmstadt, Germany) chromatographic system comprising Model 7100 pump, Rheodyne 7725i injector (10 µL loop; Rohnert Park, CA), and Lichrocart RP 18 column (250 × 4 mm) packed with Lichrosorb 5 µm beads (Novato, CA). A Merck Hitachi Model 7000 diode array detector was used; data were processed by D-7000 software of the same brand.
Reagents and Solutions
All reagents were of analytical grade, and aqueous solutions were prepared with purified water from a Millipore Milli-Q system (Bedford, MA), conductivity <0.1 µS/cm.
(a) FIA system.-The intrinsic working characteristics of the tubular electrochemical cell and the multisite detection FIA manifold were evaluated by using a 0.1M KCl (Riedel de Haën, Seelze, Germany) solution as carrier and K 4 M for ASA. After preparation, aqueous standards and samples were placed in an ice bath and protected from light until use in the automated system to minimize probable hydrolysis (19) . 
Electrodes
The active surface of the tubular electrodes (working and auxiliary) was prepared by dissolving a given amount (0.25 g) of paraffin wax (Fluka, Buchs, Switzerland) in 10 mL warm n-hexane (Sigma; 40°C) in a beaker placed in a water bath and subsequently adding 4.75 g graphite powder (Merck) with stirring until the n-hexane completely evaporated. Then, 0.20 g dry graphite powder, now containing 5% (m/m) paraffin wax, was pressed into a pellet with a 10.0 mm diameter pellet press at 19 000 kg/cm 2 for 5 min to obtain a disc of 10.0 mm diameter and 1.2 mm thickness.
Electrical contact was made through an electric cable attached with an electric solder to a small rectangular silver plate (Aldrich, Milwaukee, WI; 1.0 × 3.0 mm; Figure 1A ) to which a square fragment of the master pellet was glued with a conductive silver-based epoxy resin (components A and b, EPO-TECH 410; Epoxy Technology, Billerica, MA).
The fragment of the master pellet was then housed (Figure 1B) in a small Perspex cylinder (10.0 × 13.0 mm) with a parallel-piped cavity (3.0 × 4.5 × 7.5 mm) filled with a nonconductive epoxy resin (1.0 g Araldite M and 0.4 g HR hardener; Ciba-Geigy, Basel, Switzerland; Figure 1C ). After hardening, a channel of 0.8 mm diameter was drilled, perpendicular to the opposite sides of the housing, through the center of the Perspex cylinder ( Figure 1C ). Finally, the connections for the Teflon tubing were made with polyvinyl chloride (PVC) tubes. The reference electrode was an Orion 90-02-00 double-junction AgCl/Ag (inner filling solution, Orion 90-00-02; outer filling solution 0.1M KNO 3 ).
Tubular Electrochemical Cell
The tubular electrochemical cell ( Figure 2A ) was composed of a working ( Figure 2A , E w ) and an auxiliary electrode ( Figure 2A , E aux ), both tubular and prepared as described above. These electrodes were separated by the contact (Figure 2A , T) with the reference electrode ( Figure 2A , E ref ). The reference electrode incorporated in the detection system was placed in a Perspex support, previously described (18) .
The tubular electrochemical cell was connected to the sliding part of the injector-commutator by Teflon tubes (0.8 mm id) with the shortest possible length. The total inner volume of the relocatable detector was 105 µL, according to the procedure for determination of the injection volume in classic FIA systems (20) .
The injector-commutator switching mode enabled establishment of a 2-position FIA manifold. In position X (Figure 2B ) the sample plug is inserted in the flow system and carried toward the detector (positioned at x) where the the sample is measured for the first time. By moving the central part of the injector-commutator to position Y, the detector is moved to y, where the sample plug, after passing reactor R, is measured for a second time. At the same time, the loop (S) is filled with a new sample solution. When the sliding part of the injector-commutator is moved back to position X, a new sample plug is injected and the detector returns to position x. This movement of the sliding central part of the injector-commutator allows the sample loop to be filled and injected in the carrying solution, and the detector to be moved between 2 different positions of the manifold ( Figure 2C ).
Reference Procedure
To assess the accuracy of the results obtained by the developed procedure, we analyzed ASA tablets according to the USP method (5) . The weight of 20 tablets was averaged, the tablets were ground to a fine powder, and adequate portions of the ground tablets were dissolved in a mixture of acetonitrile and formic acid (99 + 1, v/v) for analysis by the USP method and in water for analysis by the proposed methodology.
Results and Discussion

Performance of the Tubular Electrochemical Cell
The intrinsic response characteristics of the tubular electrochemical cell were determined in a low-dispersion FIA manifold presenting the detector in a fixed position and a 30 cm coil between the injection and detection site. A 0.1M KCl solution was used as carrier, and different volumes of K 4 [Fe(CN) 6 ] solutions with a concentration of 10 -3 M were injected. The peak current was measured by applying a 0.50 V potential.
The detection system comprising the tubular electrodes gave a fast response to the changes of hexacyanoferrate(II) concentration; the peak current was about 90% relative to that of the steady-state for injection volumes of 250 µL and a flow rate of 1.0 mL/min. The return to baseline, which is normally conditioned by washing the sensor unit surface with carrier solution, accounts for the dependence of sampling rates on sample concentration. Therefore, K 4 
FIA Manifold with Amperometric Multisite Detection
The amperometric sequential detection FIA system (Figure 3A) was evaluated by using the same solutions as those used to study the intrinsic working characteristics of the tubular electrodes. The sample plug was injected into a short coil (30 cm) and flowed through site x, where the analytical signal was attained. The commutator was switched to the loop fill-up position when the sample plug flowed inside coil R 2 , while the detection system was relocated in site y. In this way the sample plug was again monitored, providing a second analytical signal. After the analytical signal reached the maximum value (site y), the detector could be displaced to its original position, which corresponded to the injection of a new sample plug.
Evaluation of the working conditions of the multisite detection manifold required assessment of several parameters, such as sample insertion volume, flow rate, coil length between both detection sites, and commutation times, aiming for effective separation of analytical signals attained at both detection sites, minimization of sample plug dispersion over the path between both detection sites, and accomplishment of the highest sampling rates.
The commutation time, which determines the switching time of the injector-commutator and, hence, relocation of the detector in sites x and y, is crucial because it conditions clear separation of analytical signals; restoration of the baseline; mixing or reaction time, which might occur between both measuring sites; and sampling rate accomplished by the system. After the analytical signal attained at the first detection site has returned to the baseline, the commutator can be switched at will before the sample reaches site y. The next commutation, corresponding to the setting of the commutator in its original position, could be made after the peak maximum was reached at site y, thus avoiding the need to complete passage of the whole sample plug through the detector at that site, with most of the tailing portion of the sample zone being directly discarded.
As reported earlier, increasing injection volumes gave analytical signals closer to steady-state values. However, higher sample volumes produced longer detection times, which had a negative effect on the sampling rate. Injection volumes of about 250 µL, as in evaluation of detector working characteristics, significantly compromised the sampling rates. Thus, injection volumes of 100 µL were used for further trials, which allowed a signal with total restoration of the baseline in about 30 s (site x).
The length of coil R 2 , commutation time, and flow rate determine the time taken by the sample to flow from the first to the second detection site. If R 2 is too short, the front edge of the sample plug may flow through site y before the detector is relocated in this site. On the other hand, if this coil is too long, sample dispersion will be high while the sampling rate will be low. Several lengths ranging from 180 to 500 cm were tested for coil R 2 , as well as flow rates between 0.8 and 2.0 mL/min. A 200 cm coil and 1.2 mL/min flow rate were selected; hence, the cell remained in the first site for 30 s and 70 s in the second site. Under these conditions, sampling rates were 45 samples/h (Figure 4 ).
Once these parameters were set, potassium hexacyanoferrate(II) solutions with a concentration range of 1.0 × 10 -5 to 1.0 × 10 -3
M were intercalated, yielding analytical signals with good precision at both sites of detection, and RSDs always #1.3 and 1.8% (n = 12), respectively, for the first and second detection positions.
Manifold Optimization for Sequential Determination of SA and ASA in Pharmaceutical Preparations
The usefulness of an FIA manifold with amperometric multisite detection was evaluated by performing a sequential determination of SA and ASA in pharmaceutical products (Figure 3B) . SA undergoes an electron transfer-chemical reaction pathway at the glassy carbon electrode; the final products are probably a quinone-type structure, as reported for a structurally related compound containing a phenolic moiety (13) . In ASA, the phenolic group is protected, making this compound electroinactive. Therefore, to proceed with its quantitation a preliminary hydrolysis is needed to convert it to SA.
A sample volume of 100 µL (which was selected with regard to the sensitivity required for the first detection) was injected in a water stream (Q 1 = 0.45 mL/min). This was then mixed with a phosphate buffer solution (Q 2 = 0.45 mL/min) over the shortest possible coil (R 2 = 50 cm) to minimize the probable hydrolysis of ASA before determination at site X (where SA content was quantified). However, this coil must be long enough to allow conditioning of the sample (that was assessed by baseline stability). Because ASA is much more stable in water than in phosphate buffer (19) , the slightest hydrolysis that might occur over the transport step was thus minimized. Afterwards, the sample plug was mixed with NaOH proceeding from a confluence channel (Q 3 = 0.85 mL/min). The NaOH was added to promote hydrolysis of ASA over coil R 4 . While the sample plug was flowing inside R 4 , the commutator was switched to allow a new quantitation of the sample at site Y. The difference between both analytical signals enabled determination of the ASA content of the corresponding sample.
SA measurements (before and after hydrolysis) at both sites of the manifold were made under different conditions: 100 µL SA (2.0 × 10 -4 M) was inserted in a phosphate buffer carrier (pH 7) and in a phosphate buffer carrier to which 0.2M NaOH solution had been added (pH 13). was used to determine the more adequate potential for measurements at sites X and Y. The results led to the selection of 0.98 V, which allowed SA determination under both conditions, even though SA concentration tested at site X was about 100 times lower than its concentration at the second monitoring site.
The 0.2M concentration selected for NaOH (after testing concentrations within the range of 0.1-1.0M) was added at confluence C 2 to increase the pH of the carrier solution and promote hydrolysis over coil R 4 . This was lower than that used before (5) in the determination of SA and ASA as a whole. The setting of the hydroxide concentration to a moderate level was related to relocation of the detector, as increasing hydroxide concentrations corresponded to a greater difference between pH at the first and second detection sites, thus requiring much more time for restoration of the baseline when the detector was relocated (site X).
After performing trials with hydroxide concentrations of 0.1-1.0M, contact of the sample with the hydroxide solution was prolonged to compensate for the low hydroxide concentration of the carrier in which hydrolysis would occur. Because of this drawback, the length of coil R 4 was optimized. Trials with 300 cm coils or longer showed that the 1000 cm coil allowed about 40% hydrolysis, owing to insertion of solutions containing several SA concentrations, under the same experimental conditions.
Because the detection system is moved to its original position only after the peak maximum has been attained at site Y (a sample portion is dragged), return to the baseline must be achieved before the new sample plug reaches the detector. Therefore, the adequate length of coil R 1 was established by studying lengths of 200-350 cm. The 300 cm length, which allowed not only good restoration of the baseline but also the best sampling rate, was selected.
Factors contributing to good working conditions of the proposed manifold were the time required to restore the baseline and the time required to convert SA into ASA. Hence, the time required between the new switching of the commutator to the other position was assessed. A minimum of 300 s was selected for the first position and 200 s for the second. The prolonged positioning of the detector at the first monitoring site was determined by the length of the preceding coil and the flow rate.
The proposed system showed a good precision of the measurements at both sites of detection with RSDs always #1.5 and 2.1% (n = 10), respectively. These assays were repeated several times during the workday and on consecutive days, at the end of which the system was reconditioned by passing water along the complete manifold, with no significant alterations found in the amplitude of analytical signals measured. These results show the absence of possible adsorption of the tested drugs or their reaction products. The proportionality between amperometric currents and SA concentrations was proven from calibration plots obtained at the first and second sites of detection. In the first monitoring site the plot, constructed through injection of SA solutions with concentrations ranging from 1. M, respectively, for the first and second monitoring sites.
After optimization, the manifold was used to analyze 6 different pharmaceutical preparations available on the Portuguese market. Results were compared with those obtained with the USP procedure ( Table 1) . Although the values obtained for the SA were slightly higher than those permitted by USP (5), agreement between both sets of results was good, which attests to the inertness of the excipients and absence of other interferents, as we observed in previous studies. The relative deviations between both methods were always <1.0% for ASA, and about 5.0% for SA. The latter was slightly higher because of ASA hydrolysis before SA was monitored at the first detection site.
Results of the F-test showed a value of 0.96 for SA and 0.99 for ASA (tabulated value is 7.15, for a confidence level of 95%; 21). The agreement between the values obtained by both procedures was also assessed by the Student's paired t-test in which the t-values calculated for SA (2.47) and for ASA (0.77) were lower than the tabulated value (2.57), for a confidence level of 95% (n = 6; 21).
The tubular electrodes incorporated in the detector were used to determine SA and ASA without prior chemical or physical treatment other than washing the whole system with water at the end of each workday. Under these conditions and considering that >50 determinations were made every day, the electrodes presented good working characteristics for >2 months, and were replaced only when the analytical signal decreased by 20%.
Conclusions
The tubular composite carbon electrodes showed good working characteristics and an appropriate configuration for sequential measurements because of their small inner volume and internal diameter similar to that of the tubing. Thus it is possible to ensure hydrodynamic characteristics of the sample plug that do not produce further dispersion, which would impair the second monitoring.
The FIA manifold with amperometric multisite detection allowed sequential determination over the same sample plug of SA and ASA in pharmaceutical preparations and yielded results in good agreement with those obtained by the USP procedure for all preparations analyzed. Moreover, the use of amperometric multisite detection can be extended to other applications, requiring only slight changes according to the analyte and sample characteristics. It must be stressed that the construction procedure for the developed electrodes can be also recommended for electrodes made of other materials such as glassy carbon, gold, or platinum.
